The relative dormancy of cellular hamatology was mainly due to a lack of suitable new methods for the study of blood and bone marrow cells. A great deal of useful information was, however, obtained with the application of cytochemical methods in hamatology, but cytochemistry alone still presents a somewhat static picture of cellular metabolism.
The introduction of radioactive iron (59Fe mainly) and the resulting information-ferrokinetics-only emphasized the need for a better understanding of the underlying cellular functions: which cell type takes up how much iron, how long it takes before the cell matures, how many times it divides, how is a steady state between cell differentiation and cell proliferation maintainedto name only a few of the obvious questions.
The demand for more information at the cellular level has been further increased by the well-known radiosensitivity of the hamopoietic system and by the possibility of bone marrow grafting in combating radiation damage. ;Finally, and most recently, it has been added to by the discovery of such humoral factors as erythropoietin, asking the obvious questions on their mode of action.
Autoradiography
The study of bone marrow cells is made difficult by the fact that bone marrow-perhaps more than any other organ in the body-is a markedly heterogeneous population of cells. Erythroid, myeloid, lymphoid, thromboid cells-to name only the main populations-exist side by side; within each line of cells there are several stages of differentiation; there is a complete asynchrony in respect of both differentiation and proliferation.
Consequently, the orthodox biochemical ur radiochemical methods, investigating a random sample of this heterogeneous population, only could give information on 'the bone marrow cell ', which, of course, is a meaningless fiction.
Autoradiography, however, is a method which, when suitably applied, can give information at the level of individual cells. The method is based on labelling the cells (in vivo or in vitro) with a radioactive material, then preparation of smears and coating these with a very thin layer of fine grain photographic emulsion. The slides are then exposed in the dark. During exposure some of the radioactive disintegrations occurring will emit particles which penetrate the photographic emulsion and thus form a latent image. Subsequent processing of these slides (developing, fixing, staining) will give preparations in which, above the stained cells, the localization and number of photographic grains can be studied. The method and some of the results have been recently reviewed elsewhere (Lajtha, I957, i96ib marrow differential count, as is the life span of the marrow reticulocytes. The model is illustrated in Fig. i . It can be seen that there are three cell-cycles of 20 hours each in the early cell stages (pro-and basophilic (I)), followed by a 30-hour cell-cycle as early polychromatic normoblast (II), then a life span of about 50 hours (before loss of nucleus) as middle and late polychromatic normoblast (III), followed by a 40-hour stay as marrow reticulocyte (IV), after which the cell is released into the peripheral blood.
Some of the early polychromatic cells do not complete their division (II'), and will be released after only a brief maturation (III' and IV').
Independent Check of the Model
The validity of every model depends on the number of available observations it can explain in respect of the system it purports to represent -and especially so if a number of these observations were not used in the construction of the model. Such independent observations may be used for checking the validity of the model.
(a) Mitotic Index of Erythroid Cells. From the model it can be seen that 21 mitoses occur in a population of I,5I7 ' hours-worth ' of cells (hoursworth = sum of hours at each stage). Taking the duration of mitosis as one hour, the expected erythroid mitotic index would be 14%. The measured mitotic index is, in fact, in good agreement, i.6% (see discussion Lajtha and Oliver, 1960) .
(b) Total Erythroid Cellularity. According to the model one stem-cell/hour will produce 20 reticulocytes/hour with 1,517 normoblasts in between. The daily reticulocyte production in man, being 2 X ioll i.e. 8 x io9/hour, requires 4 x io8 stem cells/hour. 4 x I08 X 1,517 = 6 x ioll normoblasts in the normal human marrow. This agrees well with the figure found experimentally Further details of the model are discussed elsewhere (Lajtha and Oliver, I960), but it can be seen from the points mentioned above that most of the available direct information on nucleated red cells is in good agreement with, and can be predicted from the model. Hence it has a reasonable chance that it approximates the true behaviour of the erythron. The Stem-Cell Problem The model in Fig. i starts with the symbol S -this means the stem cell. The identity of the stem cell is still unknown, in spite of the great number of theories expounded on it in the literature. There is no a priori reason, however, why one should not know-to some extent at leasthow the stem cell works, even without knowing which cell it is. The first question to settle is, of course, the existence of a stem cell. By definition a stem cell is a cell which (a) can maintain its own numbers, and (b) can give rise to differentiating cells. If, therefore, some of the early normoblasts (e.g. pronormoblasts) are a self-maintaining population, then they are the stem cell; if not, something else is the stem cell.
The question was elegantly solved by the experiments of Alpen and Cranmore (1959) . They gave a tracer dose of 59Fe to two groups of dogs, (a) control and (b) severely bled. The latter were producing reticulocytes at a greatly increased rate. The two parameters which Alpen and Cranmore investigated on autoradiographs of serial bone-marrow samples following the radio-iron injections were: (a) the grain-count halving-time, and (b) the change with time of the proportion of labelled cells.
The grain-count halving-time (t/2) is the time required for the median grain-counts over, for example, pronormoblasts to reach 50% of the value shown at the beginning (e.g. two hours after 59Fe injection). This time, or, in other words, the slope of decrease of median grain-counts in time, is due to the rate at which cells divide and thus halve their radio-iron content: i.e. it measures the cell cycle-time. are mere temporary 'guests in transit ' in the marrow, the function of which-and the recovery of which after, for instance, a radiation damage -is maintained by the stem cell population (Lajtha, 196Ia (Filmanowitz and Gurney, I96I) .
It may be worth mentioning that the experimental data at present available seem to indicate that the bone-marrow stem is pluripotential.
Whether this pluripotentiality is for erythro-and myelopoiesis, or erythro-and thrombopoiesis, or for all three lines of cells, remains to be found out by further experiments.
Some Practical Considerations
There are certain practical aspects of the kinetics of the bone marrow which may be worth consideration.
The first aspect concerns the mechanism of action of erythropoietin. At present there is a considerable amount of discussion in the literature as to the number and mode of action of various factors stimulating erythropoiesis. The first question is, of course, how erythropoiesis is measured. The two commonest methods are the reticulocyte count and the 59Fe incorporated (this, in this respect, means the proportion of a tracer dose of 59Fe which appears in the peripheral erythrocytes at some standard time after administration). Other methods measure total red-cell volume; others again mitotic index in the bone marrow; some estimate the 59Fe taken up by the bone marrow at some short time after administration of the tracer.
What do these parameters, in fact, measure? Reticulocyte numbers in the peripheral blood are influenced by at least three factors: (a) the number of stem cells differentiating into the erythron per unit time, (b) the ratio of the two pathways (II and II') in Fig. i and (c) the life span of the reticulocyte (maturation time) in the blood. Increasing the rate of stem-cell differentiation, increasing the proportion of the II as referred to the II' pathway, increasing the life span of the blood reticulocyte (decreasing rate of maturation or earlier release from the marrow)-all these three factors, single or combined, will result in elevated reticulocyte counts at some time.
The case is similar with the appearance of 59Fe in the blood or its uptake into the marrow: increased stem-cell differentiation will increase the total nucleated red cells in the marrow, hence a greater proportion of the 59Fe will be taken up by red-cell precursors (as opposed to iron stores). However, increasing the importance of the II as opposed to-the II' pathway will also increase the number of (late) normoblaVts which then are available for 59Fe uptake. It is, perhaps, unnecessary to emphasize that changes in the plasma iron-pool will significantly effect 59Fe incorporation, an aspect of 59Fe studies which, nevertheless, is forgotten with regrettable frequency.
The mitotic index of the marrow could increase simply by elongating the duration of the mitotic process; it would be expected to increase by any mechanism increasing the proportion of nucleated red cells over the white-cell precursors (the latter population, as a whole, has a lower mitotic index than the erythroid population); and it would be expected to increase even in the erythroid population at gome time after stimulating the differentjation of stem cells into the erythron (in which case a wave of early normoblasts-which have the highest intrinsic mitotic index as a population-will sweep through the erythron). Changes in the erythroid mitotic index due to a shift in the II and II' pathways would be too small to be detecttable with any accuracy.
Polycythemia may result from increased stemcell differentiation into the erythron, but it must be remembered that abolishing the II' pathway would also increase the red-cell production by about 20%.
It may be concluded, therefore, that any agent, the effect of which is measured in normal animals by the above parameters, could produce that effect by a number of entirely different and unrelated mechanisms. This, of course, would make the definition of any ' erythropoietin ' very vague indeed.* There is one aspect of erythropoiesis, however, which can be measured clearly and unequivocally, and that is the rate of differentiation of stem cells into the erythron-and the only method which measures this parameter safely is the response to a standard test dose in the polycythaemic mouse. That animal has the advantage that prior to administration of the test material (and for several days if no effective material is given) it has no measurable endogenous erythropoiesis. The parameter which, in fact, is measured in such an animal is the induction of erythropoiesis where there was none. It is strongly suggested, therefore, that the term ' erythropoietin activity ' should be reserved for such preparations of materials only which can elicit a wave of erythropoiesis in the polycythemic mouse. Any material which stimulates red-cell production or 59Fe uptake in normal, but not in polycythzemic, animals should not be called ' erythropoietin ' (or vice versa) .
Other aspects of bone-marrow kinetic studies concern the combating of radiation damage to the bone marrow. The amount of experimental information available, however, is not sufficient to enable conclusive statements to be made. is some evidence-qualitative at least-which supports these predictions. Leukocytosis-promoting agents indeed enhance bone-marrow regeneration after irradiation (Smith, Alderman and Gillespie, I958) . The availability for testing of a physiological leukocytosis-inducing factor (Gordon, Neri, Siegel, Dornfest, Handler, Lobue and Eisler, I960) would be of great value in this respect.
Due to their short life-span in the circulation and to the lack of suitable specific label, the quantitative kinetics of myelopoiesis and thrombopoiesis are not sufficiently understood. It is hoped that future work will provide some much needed information on these problems, as well as extending our knowledge of bone-marrow stem-cell kinetics -perhaps even to the extent of eventually recognizing which cell the stem cell is.
